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SUMMARY

An analysis of 48,187 hours of normal-acceleration and airspeed data
obtained on a four-engine type of transport airplane in commercisl opera-
tion on an eastern Unlted States route from November 1947 to PFebruary 1950
has been made to determine the gusts and gust loads for the operations.
The results, covering operations to 20,000 feet, indicate that the maxi-
mum gust veloclty encountered in a given number of flight miles was less
than that for a low-altitude operation (below 10,000 feet) but the accel-
erations experlenced were about as severe in terms of percentage of limit
load factor as for the operations below 10,000 feet. A somewhat greater
frequency of attaining high airspeeds for these operations than for some
other previously reported transport operations is alsc indicated. The
gusts and gust loads during the summer (Apr. through Sept.) were approxi-
mately 20 percent more severe than during the winter (Oct. through Mar.).
The gusts encountered for the operations were about the same as those
encountered for alrplanes of the same type operated by the British on
the North Atlantic route.

INTRODUCTION

In the study of the gusts and gust loads for commercial transport
airplanes, normal-acceleration and ailrspeed data have been collected
over a number of years from NACA V-G recorders instelled in airplanes
of various types (ref. 1). In the past these data have been used in the
formulation of gust-load design requirements for transport airplanes.
Consequently, the data have been collected with the gim of obtaining
representative samples of the gusts and gust loads for transport opera-
tions on trunk airliines covering various climatic and terrain conditions
within the United States and on oceanic routes. Most of the data obtained
to date have been collected from operations generally below an altitude of
10,000 feet. The first data from higher altitudes were reported in refer-
ence 2, which presented an anaslysis of & limited sample of data (9300 hr
covering less than a year of operations) from a modern four-engine type
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of transport airplane operating to altitudes of about 20,000 feet on a
north-south route over the eastern United States. Record collection for
these operations has been completed and the total data sample covers
about 50,000 hours of flight during a periocd of over two years

An analysis of these data 1s presented in this paper. Estimates
are given of the frequency of occurrence of glven values of acceleration,
gust velocity, and maximum alrspeeds. Effects of the airspeed practice
and of the seasons on the gusts and gust loads are indicated. Compari-
sons are made between the present results and the resultis previously
obtalined from other operations.

SYMBOLS i

A aspect ratio

K gust alleviation factor (ref. 3)

Pan probability that meximum acceleration increment on record will
equal or exceed glven value

Py probability that maximum indicated alrspeed on record will
equal or exceed given value

PUe probability that maximum effective gust velocity on record
will equal or exceed given value

Ue effective gust velocity, fps

Ug. maximum effective gust velocity, fps

UeBO effective gust velqcity of 30 fps

Vi, design level flight speed (indicated), mph

Vinax maximm indicated alrspeed on record, mph

Vo indicated alrspeed at which maxlmum positlve or negative

acceleration increment occurs on record, mph

VP probable indicated alrspeed at which maximum accelerstion
increment will occur, mph

VNE placard never-exceed indlcated airspeed, mph
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Al maximum positive or negative acceleration increment on record,
g units
Ang 1w acceleration increment corresponding to limit-gust-load-factor

increment for gross welght, g units

a statistical scale parameter of distribution of extreme values
(ref. L4, p.2)

u location parameter of distribution of extreme values (ref. U,
D.2)

8 best small~sample estimate of standard deviatlon of distri-
bution of extreme values (ref. 4, p.2)

k coefficient of skewness of distribution (called « in ref. 5)

g standard deviation for distribution of variable (ref. 5)

A bar over a symbol denotes mean value of distribution.
APPARATUS AND SCOPE OF DATA

The data were obtained by means of two types of NACA V-G recorders:
the friction-damped recorder (ref., 6) and the oil-dsmped recorder
(ref. 7). Both recorders are similar except for the method of damping
the accelerometer element. The precision of the two types of recorders
ig discussed In reference 7. Inherent instrument errors are assumed to
be less than *0.2g for acceleration and about 3 percent of the maxIimum
alrspeed range for the frictlion-damped recorders; whereas the corre-
gsponding errors for the oil-damped recorders are less than +0.1lg for
acceleration and about 1 percent of the mexImum airspeed range. Approxi-
mately 60 percent of the dats were obtalned with the oll-damped recorders.

The data were collected on 10 four-engine ailrplanes engaged in
commercial transport (passenger) operations on a north-south route in the
area of the United States east of the Mississippi River. The length of
flights (airline distance between stops) varied from about 100 miles to
1200 miles snd the scheduled time for the flights varied from 1/2 hour
to 5 hours, Detailed Informatlion on the altitudes at which the flights
were made is not available. The operator, however, indicated that most
of the flight time was spent at altitudes between 10,000 and 20,000 feet.
As no detailed information was provided on actusl operating weights, a
value of 85 percent of the design gross weight, which is assumed as a’
representative average, was taken as the welght at which tThe gusts were
encountered.
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Characteristices of the airplanes on which the data were collected
are given in table I and were obtalned from the manufacturer's design
date or the operator unless otherwlse referenced. The limit gust load
factor of 2.48g was computed from the gust-load-fector formula in ref-
erence 3 and 1s based on the maximum take-off weight, the computed lift-
curve slope as recommended in reference 8, and on an effectilve gust
veloclty Ue ©0f 30K feet per second at the maximum speed in level flight
Vi, of 271 miles per hour. The computed lift-curve slope of 4,93 used
to obtain uniformity in evaluations is slightly higher than the slope of
4,67 which was used in design. As has been done in previous gust-load
evaeluations, the maximum gross welght was used to compute the limit gust
load factor, although the use of an average operating welght would have
yielded a slightly higher factor possibly more representative of the
operatlions.

A total of 223 records representing 50,830 flight hours were available
for analysis. 1In crder to keep the range in flight hours per record
small, however, only records representing between 200 and 250 flight
hours were used. Consequently, the analysis utilized 194 records repre-
senting e totel of 48,187 flight hours. Included in these records are
the 38 records previously analyzed in reference 2.

RESULTS

Presentation of data.- From each record the maximum positive and
negative acceleration increment Anpgy, the two speeds corresponding to

the occurrence of the maximum acceleration increment Vg, the maximum
positive and negative effective gust velocities Uepoy, and the maximum

airspeed Vpax were determined, In addition, the maximum positive and

negative accelerations in each 20-mile-per-hour airspeed bracket were
read. The agsumption is made that the maximum accelerations above

160 miles per hour were caused by gusts. No values were read from the
records below this sirspeed in order to avold the possible inclusion of
acceleration due to meneuvers and landing shock, Since 1t has been noted
on time-history records that only about 2 percent of the flight time 1s
spent at airspeeds below 160 miles per hour, the amount of dats lost by
this procedure is small. The effective gust veloclties obtained were
computed with the sharp-edged~gust equation (ref. 3) by using the
computed slope of the 1lift curve and the assumed average operating welght
of 79,900 pounds (0.85 gross weight) with the corresponding K value.

The frequency distributions of Anyax, Vo, Vpax, and Ugpg, for the

data sample are given in table II grouped in class intervals of 0.lg,
10 miles per hour, 5 miles per hour, and 2 feet per second, respectively.

[l
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The distributions of Anmexy by airspeed bracket are given in table IIT.
In order to smooth out irregulerities in the date and to provide a mathe-
matical description of the distributlons, theoretical curves were fitted
to each distribution given in table II. Curves based on the theory of
extreme values (ref. 4) were used for the distributions of Anmgx and

Uepex and Pearson type IIT curves (ref. 5) for the distribution of Vo

and Vpax. The parameters defining each fitted curve are included in
table IT with the sppropriate distribution. From previocus experilence
these curves generally have been found to provide a good description of
the data. The value of Vp given In table IT was computed from the

parameters of the curve for the Vo distribution by using the equation
for the mode given in reference 9, page 92. The curves fitted to the
distributions of Anmgx, Ue , and Vo, were transformed to curves

showing the average flight miles required to equal or exceed given values
of the variebles by multiplying 1/Pan, 1/Py., and 1/Py Dy an assumed

cruising speed of 217 miles per hour (0.8V1,) and the average flight hours
per record, 248 hours. Inasmuch as the analysis is concerned mainly with
the high values of Anpax, Uepays, @0& Vmax recorded, only the parts of

the transformed curves for the larger values of the variables are given
in figures 1 to 4. The cumulative data points for each distribution are
shown in the proper figure in order to show goodness of fit of the curves
to the data.

Previous investigations generally have assumed the distributions of
maximum positive and negative acceleration increments to be similar
except for sign. Inspectlion of figure 1 indicates that the two distri-
butions are practically identicel for this date sample. Consequently,
the frequency of occurrence of either positive or negative acceleration
increments may be represented by the combined Angyy distribution as in
figure 2.

Effect of changes in operating conditioms.- During the period covered
by the data, two changes in operating conditions were made which possibly
influenced the maximum airspeeds obtalned. First, the operator, after
noting the frequency with which high values of alrspeed were cbtained,
stressed to the pilots the desirability of avoiding excessive alrspeeds.
Second, at sbout the same time a different type of propeller (which was
placarded for certeln ranges of revolutions per minute) was installed on
the airplanes. In order to determine whether these two changes had any
effect on the maximum asirspeeds attained, Pearson type III probabllity
curves were Titted to the distribution of Vmax Zfor the periods before

and after the changes. The two curves are glven on a flight-miles basis
in figure 5 with the cumulative data points of the distributions.

Effect of seasons.~ In order to determine whether any seasonal
variation existed in the accelerations, gusts, and airspeeds, the data
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were grouped into two seasons: surmer, April through September, and -
winter, October through March. Records which were not taken wholly

within either season were omitted from the seasonal analysis. The fre-

quency distributions of An .., Vg, Vpax: end Uemax for the two .

seasons are given in table IV wilth the appropriate parameters of each
distribution. The transformed curves for the Ang.., Ue ...» and  Vpgay

distributions are given in figures 6, 7, and 8, respectively, with the
cumilative date points for each distribution.

Comparigon with other results.- In order to compare the gusts and
accelerations for the present operations with results obtained from
previous investigations (refs. 10 and 11), the flight miles to exceed
Lnprp and UeBO for the operations are summarized in table V. Refer-

ence 10 d1id not contain effective gust velocities for the two operatlons
reported therein; consequently, the flight miles to exceed UQBO for

these operations were computed from the original data covered by the
reference. The ratio of the most probable speed for maximum accelera-
tion occurrence to the design maximum level flight speed VP/VL for the

varioug operstions is also included in tsble V.

Data on the loads experilenced during British operations of the same
type of airplane on North Atlantic routes have been presented 1in refer-
ence 12. 1In order to compare the gusts encountered on eastern United
States operatlions wilth those encountered on the trans-Atlantic opera-
tions, flight envelopes of effective gust velocities for the two opera-
tions have been calculated and are presented in figure 9. The envelopes
give the boundaries which in 10,000 hours of operation are expected to
be exceeded, on the average, by one positive and one negative gust veloc-
ity independent of speed and by one meximum airspeed. The envelopes were
celculated essentially in accordance with the method used in reference 12,
the primasry differences being that the positive and negative An,syx vValues

were combined without regard to sign to form a single distribution for
each alrspeed bracket and extreme-value curves were fitted to these dis-
tributions instead of Pearson type III curves. The data used to compute
the envelope for the present operations were the distributions of Anpgx
given in table III and the distribution of Vygx given in table II.

The data for the operations on the North Atlantic route were taken from
tables 1 to 3 of reference 12. The one alrspeed and two acceleration
values noted in the tables as being "suspect' were not used in calcu-
lating the envelope. The gust veloclities are based on the same quanti-
ties as were used previously, except that a weight of 82,500 pounds
(given as average operating weight in ref. 12) was used in conjunction
with the British data as compared with the assumed average operating
weight of 79,900 pounds used with the present data.
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Reliability.- In order to determine the reliability of the estimates
of the flight miles to exceed Anyrp e&nd Uezos confidence bands (ref. 13)

were fitted to the Anyyp and Ug distributions. The confidence bands

provide a measure of the range within which, for a given probability level
(a probability level of 95 percent is used herein), the true value may be
expected to lle. The results indicated that 95 percent of the estimates
for the flight miles to exceed Anryp would lie within a range from O.7
to 1.4t times the estimated value given in figure 2. The estimates of

the flight mlles to exceed Anyyp for the sumer and winter operations,
being based on smaller date samples, were indicated to be relisble within
a range from gbout 0.6 to 1.6 times the estimated values given in fig-

ure 6. Similar ranges of reliability were indicated for the estimate of
the flight miles to exceed UéEO for the total and summer and winter

operations given in figures 3 and 7. No adequate method is, at present,
avallable for determlning the rellabillty of estimates of the flight miles
to exceed Vygr. ©Since the data semple is quite large and no extrapola-
tion of the data was required, the estimated flight miles to exceed Vyg
is felt to be reliable within a factor of about 2.

Although it is recognized that dynamic response of the airplane in
gusts can have apprecisble effect on accelerations recorded at the center
of gravity of the airplane, these effects for the present data are not
known. The dynamic response of the present airplane, however, is expected
to be of the same order of magnitude as that for other present-day air-
planes. Consequently, comparisons such as are made in table V of the
flight miles to exceed Anprp and UéBO for the present airplane and

for airplanes of similar design should not be seriously in error. The
data for the present operations and for the North Atlantic operations
reported in reference 12 should be directly comparsble since they were
obtained on the seme type of airplane. (See fig. 9 for the comparison
of the gust velocitles of these two operations.)

DISCUSSION

Accelerations.- Examination of figure 2 Indicates that, for the
present data covering operations to an altitude of about 20,000 feet,
the acceleration increment corresponding to the calculated limit-gust-
load-factor increment of 1.48g may be exceeded, on the average, twice in

about 1.1 X 106 flight miles. For the other operations summarized in
table V which generally were below an altitude of 10,000 feet, the dis-

tence required to exceed Ay twice varies from 1.2 X 106 flight miles

for the twin-engine airplane on the northern-transcontinental operations
to 5.6 X 106 and 2,000 X 106 flight miles for the four-engine eirplane
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operated on the Caribbean——South American and trans-Pacifie routes,
respectively. Thus, in terms of the percentage of limit load factor,
the accelerations experienced during the present operations appear to
be on the same level as those for the northern-transcontinental opere-
tions and somewhat higher than those for the Caribbean-=-South American
operations. In comparison with the trans-Pacific operations, the accel-
erations for the present operations were significantly more severe.

Consideration of figure 6 indicates that, for a given mileage level,
the acceleration increments obtalned during the summer (Apr. through
Sept.) were approximately 20 percent larger than those obtained during the
winter (Oct. through Mar.). Since availeble information indicates that
the average operating weights during the two seasons were about the same,
the difference in accelerations must have resulted from differences in
the gust velocities or airspeeds.

Gusts.- Inspection of figure 3 indicates that for the present opera-
tions an effective gust velocity Ue of 30 feet per second may be encoun-

tered, on the average, twlce in about 0.5 X 106 fllght miles. TFor opera-
tion of the twin-engine airplane on the northern transcontinental route

the distance to exceed Uesg 1s about 0.2 X 106 flight miles (table V).
The corresponding values for the trans-Pacific and Caribbean-——South

American operations are given in table V as 6 x 106 and 0.8 X 106 flight
miles, respectively. On the basls of the distance to exceed Ue5o; there-

fore, the gusts encountered during the present operations appear to be
slightly less severe than those for the northern-transcontinental opera-
tions but somewhat more severe than for the Caribbean-~—South American
operations. The gusts encountered during the present operaticns were
significantly greater than those for the trans-Pacific operatlon.

Comparison of the envelopes of effective gust velocities in figure 9
indicates that the gust boundaries predicted for 10,000 hours of opera-
tion for the present and North Atlantic (British) operations are gquite
similar in shape and that the curve for the present operations predicts
only slightly higher gust velocities. The gust velocities for the two
operations therefore appears to be about equal.

Other investigations generally have indicated a reduction in the
amount of turbulence with increasing altitude. That the gusts for the
present operations to 20,000 feet were not appreciably less than for the
lower-altitude operations was therefore unexpected. The reason that a
significant reduction in the gusts was not obtained is not known. Since
the gust velocities for the present and North Atlantic operations are
agbout equal, the lack of a reduction in the occurrence of gusts probably
is not due solely to the particular route. Although corrections for
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dynasmic response could alter the results, 1t 1s felt that the relative
gust velocities for the operations would not be changed significantly.

Inspection of figure 7 shows that for a given mileage level the
gusts encountered during the summer were roughly 20 percent higher than
those encountered during the winter. The higher gust velocities during
the summer were probably the predominant factor causing the high accel-
erations during this season. Although the summer was more turbulent than
the winter for the present operations, the reverse was found to be true
for operations on a northern transcontinental route (ref. 11). It would
appear that the seasonal gust encounters depend upon the route and that
no general conclusion regarding the relative turbulence for summer and
winter operations can be made.

Airspeeds.- The ratio of the most probasble speed for An,., occur-
rence to the design level flight speed V?/VL for the present data 1s

0.83 as given in teble V. The VP/VL ratios for other operations sum-
marized in teble V range from 0.71 to O0.75. The Vp/VL ratio of 0.83

for the present operation is therefore higher than the ratios for the
other operations. Thus, the relatively high speed at which the airplanes
were operated in rough air may have been instrumental in giving higher
accelerations for the present operations then were expected.

The most probable gpeed V, for encounter is given in
P

table IV to be 220 and 231 miles per hour for the summer and winter
seasons, resgpectively. Since the summer was found to be the most turbu-~
lent, the slightly lower V? for this season may indicate a practice of

reduclng eirspeed when flying in extremely rough air.

Consideration of the total distributlon of maximum airspeeds shown
in figure 4 indicates that the average distance to exceed the design

never-exceed speed of %24 miles per hour is ebout 1.6 X 106 flight miles.
This estimate for the flight miles to exceed Vyr 1is greater than the

estimate of 0.5 X 106 flight miles given in reference 2 based on & smaller
date sample. The difference between the two estimates may be attributed
to a general reduction 1n the maximum airspeeds obtained after the time
the pilots were instructed on the desirability of avoiding high alrspeeds
and a dlfferent type of propeller was installed on the airplanes. Inspec-
tion of flgure 5 indicates that, although the maximum alrspeed obtailned
for each period wes gbout the same, the maximum alrspeeds attalned after
the instructlons to the pilots and propeller change were, on the average,
gbout 15 miles per hour less than those previocusly attained. If this
reduction in average maximum airspeeds 1s assumed to continue for future
operations, a better estimate of the flight miles to exceed Vyg may be

obtalned from the Vpgy distribution for the perilod after the propeller
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change and instructions to the pilots than from the total Vygy distri-
butlon. Based on the distribution of Vmax for the perlod after the

changes, an estimate of 3.8 X 106 flight miles to exceed Vyg 1is
obtained (fig. 5).

The estimate of 3.8 x 10° flight miles to exceed Vyg lies at the

lower end of the range of estimates for operations previously investi-
gated. This result would indicate a somewhat greater tendency towards
high airspeeds for the present operations then for other operations for
which data are available.

Examination of figure 8 indicates that the difference in.the maximum
airspeeds for the summer and winter seasons is not significant.

SUMMARY OF RESULTS

The gusts and accelerations for operation of a four-engine airplane
on an eastern United States route are analyzed and presented. The results
are compared with those for operations of a different type of four-engine
airplane on a Caribbean—South American route and a trans-Pacific route,
and for operations of a twin-engine transport airplane operating on a
northern transcontinental route. The operations analyzed herein were at
altitudes up to 20,000 feet, whereas the three other operations were
generally below 10,000 feet.

The sccelerations for the present operations were somewhat more
severe than for the Caribbean—South American operations and significantly
more severe than for the operations on the trans-Pacific route. They
were on about the same level as those for the northern transcontinentsl
route. The acceleratlong for the eastern United States operations were
about 20 percent higher during the summer (Apr. through Sept.) than
during the winter (Oct. through Mar.).

The average number of flight milee to encounter a gust velocity of
50 feet per second Ue5o is about the same as that for a similar airplane

operated by the British on the North Atlantic route. The number of flight
miles to encounter UGBO is less than the distance required on the

Caribbean—South American operation but greater than the distance for =a
northern-transcontinental operation. In comparison with the trans-Pacific
operations, the present results show a significant reduction in the average

flight miles to exceed Ue5o- The Intensity of the gusts was roughly

20 percent higher during the summer than during the winter; this result
being the reverse of that reported for the northern-transcontinental
operations. In comparison with other operations the present airplanes
were operated at relatively high speed in rough air.
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The design never-exceed speed of 324 miles per hour may be exceeded,

on the average, once in sbout 3.8 x 106 flight miles which 1s somewhat
more frequent than for operations previously investigated. For purposes
of statistical interpretation, it is significant to note that changes in
operating practices and alrplane characteristics which resulted in =
reduction of about 15 miles per hour in the average maximum airspeeds
were made during the period covered by the data.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., October 21, 1952.
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TABLE I,- CHARACTERISTICS

Maximum teke~off weight, 1Ib . . . « . .
Wing area, 8q. £t « « v o ¢« o ¢« ¢« « o &
Wing span, ft . . . . . e e 8 e e s e

Meen aserodynamic chord, ft o« e e s e e e

Agpect ratlo & ¢ v ¢« ¢ ¢« 4 4 e 0 e e

Slope of 1lift curve per radlan, computed from

OF THE AIRPIANE

A4+ 2

Limit gust load factor (computed), g units . . . . . . .

Gust alleviation factor (ref. 3), K
For 94,000 pounds (gross weight) .
For 79,900 pounds (0.85 gross Weight)

Design maximum level flight speed (indicated), VL, mph .
Deglgn never-exceed speed (indicated) VNE, mph . . .

NACA TN 2965

9k, 000
1650
123
14,67
9.17

.93
2.48
1.20k4

1,190
271
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Freqrency distribution for airspeeds of -
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TABIE 1V.- FREQUERCY DISTRTBUTIONS OF fimay, Vo,

Vmax, AND Usg,. BY BEASCH

Oct, through Mar, |

[?uuler: Apr. through Bspt,; winter:
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Winter
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TABLE V.- SUMMARY OF FLIGHT MILES TO EXCEED Anppp AND Ug

%0

[Eased.on data uncorrected for dynamic responsg

FOR VARTOUS OFPERATIONS

Flight miles to exceed twice

Vv
Operation Alrplane at p/VT
x Aoy g U63Q

Present 0.83 1.1 x 106 | 0.5 x 100
Trane-Pacific (ref. 10) Yoengine transport .TL 2000 6
Caribbean-—South American

(ref, 10) .72 5.6 0.8
Northern transcontinental p.engine transport 75 1.0 0.0

(ref. 11)
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Figure 1.- Comparison of the average flight miles required for a positive
and & negative acceleration increment to equal or exceed a given value.
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Figure 2.- Average flight miles required for an acceleration increment
to equal or exceed a glven value twice (positive and negative).
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Maximum effective gust velocity, Uemax’

Figure 3.- Average flight miles required for a maximum positive and
negative effective gust velocity to equal or exceed a given value.
1
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Flight miles
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Figure 4.- Average flight miles required for the maximum indicated
alrspeed on a V-G record to equal or exceed a given value.
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Figure 5.- Average flight miles required for the maximum indicated
airspeed on a record to equal or exceed a given value for periods
before and after changes in operating practice and airplane
characteristics.
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Figure 6.- Aversge flight miles required for a meximum positive and
negative acceleration increment to equal or exceed a given value

for summer and winter operations.
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Cumulative frequency distribution
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Figure T7.- Comparison of the average flight miles required to equal or
exceed a glven maximum effective gust velocity for summer asnd winter

operations.
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Figure 8.- Average flight miles required for the meximum indicated
airspeed on a record to equal or exceed a given value for summer
and winter operations.
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Effective gust velocity, U
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Figure §.- Comparison of calculeted flight envelopes of effective gust
velocities for 10,000 hours of operations on domestic United States
routes and British North Atlantic routes.
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